OBJECTIVE -To evaluate the validity and reproducibility of software for reading digital images and grading diabetic retinopathy.
D
iabetic retinopathy resulting from microvascular end-organ damage to the retina is found in 60% (1) of people 20 years after onset of type 2 diabetes; sight-threatening retinopathy is found in 2.0% of people who have had diabetes for Ͻ5 years and in 15.5% of people who have had diabetes for Ն15 years. Identifying these patients occurs primarily through opportunistic case detection (2) in a country like India (prevalence of retinopathy is 17.6% among urban diabetic subjects aged Ͼ20 years), since a routine screening program for people known to have diabetes is not a feasible option considering the poor attendance; 11% of new diabetic subjects and 55% of known diabetic subjects attend these camps (3) .
The current gold standard for diagnosing diabetic retinopathy is through fundus photography (comparing the fundus pathology with that seen on stereoscopic viewing of seven standard photographs for grading retinopathy or through fluorescein angiographic diagnosis). However, even in countries in which facilities for close monitoring of diabetes are available, there is no consensus on cost-effective, valid methods to screen for diabetic retinopathy (4) . Telemedicine has resulted in new possibilities, such as capturing images at a remote location and transmitting them to a skilled grader at a specialist center. Though reducing costs while maintaining good quality care, the deployment of telemedicine intensifies the need to validate using digital images as a tool for diagnosing diabetic retinopathy and following its progression (5, 6) . This study compares the Aravind Diabetic Retinopathy Screening (ADRES) 3.0 reading and grading system with clinical assessments as the current practice gold standard with regard to its validity and reproducibility in the assessment of diabetic retinopathy.
RESEARCH DESIGN AND
METHODS -A prospective, comparative observational study was conducted on a series of patients with type 2 diabetes who presented for the first time at the retina clinic of a tertiary care center in India. The patients who consented to participate were enrolled by the clinic coordinator during May and June 2006 and assigned to the grader (one of three trained retina specialists) who was attending to outpatients on that day.
Each patient underwent a routine detailed comprehensive ophthalmic examination by any single grader, and digital fundus photographs were taken by a technician through the dilated pupil. The same three clinicians subsequently graded the digital images using the manual software ADRES 3.0 reading and grading system while being masked to the clinical grading assigned to individual patients. For the sake of comparability, all three graders were assigned five consecutive patients on the last day of enrollment, which they assessed independently in the same manner.
The eye examination included measurement of Snellen's visual acuity, slitlamp biomicroscopy aided with the three-mirror contact lens when required, dilated fundoscopy using a 60-or 90-dioptre lens, and indirect ophthalmos-
copy. Findings from a single visit are used; progressive evaluation of retinopathy in the same patient was not conducted for this study. Clinical grading of diabetic retinopathy and of clinically significant macular edema (CSME) was based on the extension of the Airlie House classification.
The single nonsimultaneous stereoscopic pair of central images were acquired manually by horizontal translation of the fundus camera and labeled as A and A1. Four equidistant images covering the peripheral areas of the retina were also taken ( Fig. 1) and were labeled A2, A3, A4, and A5, respectively. A and A1 are 45°fi elds, focused centrally between the temporal margin of the optic disc and the center of the macula, with the horizontal central line of the image passing through the center of the disc. Stereoscopic images are obtained by shifting the camera laterally; a slight delay between the first and the second image may be necessary to allow for adequate pupil mydriasis. A2 is a 45°field superotemporal to the optic disc so that the lower edge of the field is at a tangent to the horizontal line passing through the center of the optic disc and the nasal edge of the field is at a tangent to the vertical line passing through the center of the disc. Similar fields in the inferotemporal (A3), superonasal (A4), and inferonasal (A5) quadrants were imaged.
Grading protocol for diabetic retinopathy Two sets of images representing each eye were verified for quality (gradability) before commencing grading. The graders entered clinical findings, which were converted to results according to a lesion grading matrix (Table 1) , based on established standard practice guidelines such as those of the Early Treatment Diabetic Retinopathy Study (7) and the American Academy of Ophthalmology's document on the International Clinical Diabetic Retinopathy Disease Severity Scale (published October 2002) (8) .
ADRES system
A commercially available nonmydriatic retinal fundus camera optimized for lowlight-level imaging of the retina (TOP-CON, TRC-NW100) with the capability to provide up to 2.3 million-pixel, highquality spatial, contrast and color resolution images (Fig. 1 ) was used. This fundus camera is lightweight and energy efficient and was optimized for acquiring highquality retinal images in low-light-level conditions with the lowest available flash intensities. It was interfaced with ADRES 3.0, the image capture and telemedicine software developed in house to acquire standard single-frame digital color images of the retina.
At the acquisition unit, a standard Windows-Intel-compatible desktop running the Windows XP operating system was used to capture relevant structured and unstructured clinical data, which was transmitted after being decomposed to form XML (eXtensible Mark-Up Language) structures. Images captured using a USB interface through TWAIN protocol at maximum resolution were compressed and stored in a DICOM (Digital Imaging and Communications in Medicine) 3 file format along with the other information, enabling each image to be uniquely associated with a patient before transmission. Images transmitted to the remote grading center using a 384-Kbps very small aperture terminal connection were filtered, indexed, and filed in a robust and reliable RAID (redundant array of independent drives)-3 network attached storage unit with a tape backup system.
At the grading station, WindowsIntel-compatible professional desktops were deployed with a high-end graphics card (3Dlabs oxygen GVXI), 21-inch 100- 
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MHz refresh-rate true-color monitors, and three-dimensional revelator infrared version goggles for stereo viewing. The software enabled the simultaneous reading of patient and standard images in dual monitors, along with the patient demographics and clinical information, and flexible integrated templates enabled objective online grading of images (Fig. 2) .
Ethical issues
Patients were counseled about the disease, and their informed consent for participation in the validation study was obtained before allocation. The study had been presented to and approved by the research committee of Aravind Eye Care System. RESULTS -One hundred and five patients were enrolled. The population averaged 53.5 years of age (95% CI 52.46 -54.51), and the duration of diabetes (n ϭ 104) averaged 9.3 years (8.2-10.3). Overall, 13.3% of eyes (28 of 210) had mild nonproliferative diabetic retinopathy (NPDR), 57.1% (120 of 210) had moderate NPDR, 13.8% (29 of 210) had severe NPDR, and 15.7% (33 of 210) had proliferative diabetic retinopathy (PDR) on clinical grading. While grading the images, one image was ungradable and one had no diabetic retinopathy. Of the remaining 208 images, 13.8% had mild NPDR, 59.3% had moderate NPDR, 11% had severe NPDR, and 15.3% had PDR. The overall agreement between the clinical grading of diabetic retinopathy and the grading of images was good (Table 2) . There was very good agreement (81.3%) for NPDR, but agreement was not as good (54.6%) for PDR. CSME was diagnosed on 32.1% (25 of 78) of eyes by grader 1, on 64.8% (95 of 142) of eyes by grader 2, and on half of the 10 eyes that grader 3 assessed clinically. The corresponding proportions for grading using ADRES for the three graders were 34.5% (49 of 142), 27.3% (21 of 77), and 36.4% (76 of 209), respectively. Overall, CSME was diagnosed in 33.3% (70 of 210) of eyes clinically and in 40.2% (84 of 209) of eyes by grading images, and there was good agreement between the two assessments.
Compared with the grading on clinical assessment, 3.6% of mild NPDRs were graded as less advanced disease on assessment of the images, and 21.4% were graded as more advanced disease on the images. For clinically moderate NPDR, there were 6.7% graded lower on imaging and 5.1% graded higher, and for severe NPDR these proportions were 34.5 and 6.9, respectively. For clinical PDR, 18.2% were graded as having less severe disease on imaging.
The interobserver agreement between the diagnoses made by the three graders on clinical examination of the fundus and that made on manual grading of the fundus images was assessed (Table 2) . Agreement between graders 1 and 2 was good for clinical assessment of diabetic retinopathy and CSME and for their assessment of images. Agreement of graders 2 and 3 was poorer for both the clinical assessment and the assessment of images. Graders 1 and 3 had good agreement for their clinical assessments and for their grading of retinopathy or CSME on the images.
The current standard practice is to perform indirect ophthalmoscopy to detect and grade diabetic retinopathy and stereoscopic slit-lamp biomicroscopic examination with a magnifying lens to detect CSME; therefore, we measured the Number of areas present of size less than one disc area and number more than/equal to one disc area in size; distance of the retinal thickening from center of macula in microns (Ͻ500, 500-1,500, Ͼ1,500 microns). Venous beading A, A1 Number present that are larger than that seen in standard photograph 6A; number of size less than one-fourth of the disc area and number equal to/more than one-fourth of the disc area in size. Intraretinal microangiopathy A2, A3, A4, A5 Number present that are larger than that seen in standard photograph 8A; number of size less than half the disc area and number equal/more than half the disc area in size. sensitivity and specificity of the manual grading system to detect diabetic retinopathy and CSME compared with current practices (Table 3) .
CONCLUSIONS -ADRES 3.0 is an example of an indigenously developed, user-friendly reading and grading system for diabetic retinopathy. The technology (hardware, software, and systems) utilized is simple and relatively inexpensive, though not available yet as a commercial package. The sample population used to validate this software was comparable across graders with regard to the distribution of the severity of diabetic retinopathy. The proportion of patients with moderate to severe NPDR was higher than that of mild diabetic retinopathy in this sample, as opposed to the findings of a recent prevalence study (7) that used clinical examination to grade diabetic retinpoathy, which found mild NPDR to be the most prevalent form of retinopathy. This could be due to sampling bias (people with more severe forms of retinopathy presenting to hospital, the differences in the definitions used, or overdiagnosis of more severe forms of retinopathy based on the criteria used for grading).
Of 97 eyes that subsequently underwent laser treatment, half had focal laser (53.6%), 39.2% had panretinal photocoagulation, and 7.2% had both treatments. ADRES 3.0 may have to be validated further against Early Treatment Diabetic Retinopathy Study standard photographs in order to determine the extent to which it can serve as a substitute or a replacement for grading diabetic retinopathy in the field of telemedicine.
Fundus photography and using AD-RES 3.0 for reading and grading images proves to be a good screening test for detecting all grades of diabetic retinopathy. The high negative predictive value of this tool in ruling out the presence of sightthreatening retinopathy establishes its usefulness in the field situation, where a decision on whether to refer to the base hospital can be made by the technician in the mobile van. However, it should be noted that in this study, agreement between clinical and digital imaging assessments was lower for the more advanced levels of retinopathy.
The findings of this report suggest that ADRES 3.0 can be used to assist the detection of diabetic retinopathy, supplementing clinical examination by an ophthalmologist. Its diagnostic value in the hands of a trained technician (nonophthalmologist) grader needs to be assessed so as to make its deployment more cost-effective, and its sensitivity to detecting change will have to be studied in order to establish its usefulness in detecting progression over a long patient follow-up period. The data suggest that ADRES 3.0 has good sensitivity across the various stages of diabetic retinopathy but that specificity seems to increase in more advanced disease.
The images captured at the hospital setting were of good quality, and only one (0.5%) patient had images that were not gradable due to media opacities. The proportion of ungradable images may be higher when these images are captured from the mobile van and transmitted to a remote grader. This is another area that needs further investigation. Though a nonmydriatic camera is used, the image quality is optimal only if the pupil is at least 4 mm in diameter. The benefit of dilated fundus photography over photography through an undilated pupil also has to be assessed, especially in a country like India where dark irides are predominant and are associated with smaller pupillary apertures. Pupil size is more of an issue in the mobile van setting, where ambulatory background light levels are relatively high. ADRES 3.0 is a simple and valid tool to assist the detection of both diabetic retinopathy and CSME.
